Previous studies have found a U-shaped relationship between mortality and (weekday) sleep duration. We here address the association of both weekday and weekend sleep duration with overall mortality. A cohort of 43,880 subjects was followed for 13 years through record-linkages. Cox proportional hazards regression models with attained age as time-scale were fitted to estimate multivariable-adjusted hazard ratios and 95% confidence intervals for mortality; stratified analyses on age (<65 years, ≥65 years) were conducted. Among individuals <65 years old, short sleep (≤5 hr) during weekends at baseline was associated with a 52% higher mortality rate (hazard ratios 1.52; 95% confidence intervals 1.15-2.02) compared with the reference group (7 hr), while no association was observed for long (≥9 hr) weekend sleep. When, instead, different combinations of weekday and weekend sleep durations were analysed, we observed a detrimental association with consistently sleeping ≤5 hr (hazard ratios 1.65; 95% confidence intervals 1.22-2.23) or ≥8 hr (hazard ratios 1.25; 95% confidence intervals 1.05-1.50), compared with consistently sleeping 6-7 hr per day (reference). The mortality rate among participants with short sleep during weekdays, but long sleep during weekends, did not differ from the rate of the reference group. Among individuals ≥65 years old, no association between weekend sleep or weekday/weekend sleep durations and mortality was observed. In conclusion, short, but not long, weekend sleep was associated with an increased mortality in subjects <65 years. In the same age group, short sleep (or long sleep) on both weekdays and weekend showed increased mortality. Possibly, long weekend sleep may compensate for short weekday sleep.
| INTRODUCTION
The health effects of sleep duration have been addressed in a large number of studies and summarized in several systematic reviews (Cappuccio, D'elia, Strazzullo, & Miller, 2010; Gallicchio & Kalesan, 2009; Silva et al., 2016) . They conclude that both short and long sleep is associated with higher mortality. Still, published results are not consistent, as pointed out by Kurina et al. in their critical review (Kurina et al., 2013) . Two recent meta-analyses (Itani, Jike, Watanabe, & Kaneita, 2017; Jike, Itani, Watanabe, Buysse, & Kaneita, 2018) found that short sleep was significantly related not only to increased mortality but also to increased morbidity, with a similar association observed for long sleep. In these two meta-analyses, age-subgroup analyses, using 65 years as cut-off, showed an increased mortality in both age groups among individuals with long sleep, but no significant association between short sleep and mortality in any of the age groups. In a recent study , we found a U-shaped relationship between sleep duration and mortality only among subjects below the age of 65 years.
Most studies of sleep duration and its consequences ask for the "usual" or "habitual" duration. It is not clear, however, whether individuals refer only to weekdays or take into account weekends. Because there are 5 weekdays and 2 weekend days, it is likely that self-reports of typical sleep duration more strongly reflect weekday sleep. Thus, it is of interest to investigate the relationship between weekend sleep duration and mortality, as well as the different patterns of sleep duration between weekday and weekend sleep. If, for example, short weekday sleep increases mortality, long weekend sleep might mitigate this effect. Moreover, short sleep during both weekday and weekend (consistently short sleep) may be particularly detrimental. This issue has not been addressed before, but weekend compensatory sleep seems to counteract obesity in children who have short sleep duration during weekdays (Wing, Li, Li, Zhang, & Kong, 2009) , and to counteract hypertension in adults (Hwangbo, Kim, Chu, Yun, & Yang, 2013) . The purpose of the present study was to prospectively analyse the association between different sleep duration patterns between weekday and weekend sleep duration and mortality in a large Swedish cohort during 13 years of follow-up.
| MATERIALS AND METHODS

| Study population
The Swedish National March Cohort (SNMC) comprises participants who took part in a fundraising event for the Swedish Cancer Society organized in September 1997 at 3,600 sites throughout Sweden (Trolle Lagerros et al., 2017) . A total of 43,880 subjects returned the 36-page questionnaire concerning lifestyle and medical history. The study was approved by the Regional Ethical Review Board of Karolinska Institutet, and all subjects provided informed consent.
Participants with inconsistent answers (n = 4), incorrect national registration number (n = 13), missing data on age (n = 11), age <18 years (n = 1,740), who had emigrated (n = 457) or died (n = 8) before the start of follow-up, or with missing values on weekday or weekend sleep duration (n = 3,632) were excluded from the analyses. After applying the exclusion criteria, the final cohort consisted of 38,015 subjects.
| Exposure assessment
Sleep duration was self-reported through two questions at baseline: "How many hours, approximately, do you usually sleep during a workday/weekday night?" and "How many hours, approximately, do you usually sleep per night on days off?" The response alternatives were: <5, 5, 6, 7, 8 or ≥9 hr. Even though days off do not necessarily correspond to the weekend, for simplicity, we will refer to the second question as weekend sleep duration. For the study of weekend sleep we defined short sleep as ≤5 hr, and weekend long sleep as ≥9 hr, with 7 hr being the reference category. The former is a common definition (Cappuccio et al., 2010) and the one used in the largest study (Kripke, Garfinkel, Wingard, Klauber, & Marler, 2002) .
The definition of long sleep as ≥9 hr is the most common one (Cappuccio et al., 2010) , and the one used in the largest study (Kripke et al., 2002) . For the analysis of both weekend and weekday sleep duration we collapsed the two highest categories to ensure enough participants with long weekday sleep (which is shorter than weekday sleep).
We further combined some subgroups due to small cell sizes, and formed the following weekday/weekend sleep duration groups: short (SS); medium (MM-reference); or long (LL) sleep on both weekdays and weekend; short weekday and medium or long weekend sleep (SML); medium weekday and long weekend sleep (ML). A final group was composed of those who reported long weekday and short, or medium, weekend sleep or medium weekday and short weekend sleep (LS).
| Confounders
All previous studies of the association between sleep duration and mortality adjust for a large number of potential confounders measured at baseline (Cappuccio et al., 2010; Gallicchio & Kalesan, 2009; Silva et al., 2016) . Among them are gender, education, body mass index (BMI), severe disease, use of hypnotics, and lifestyle factors like smoking, alcohol intake, physical activity, coffee intake, employment status (all adjusted for in the present study). Most of these factors are likely to be associated with mortality as well as with sleep.
| Follow-up and outcome
Participants were followed for overall and cause-specific mortality from 1 October 1997 until the date of death, emigration or the end of follow-up on 31 December 2010, whichever occurred first.
Through the use of the individually unique National Registration Numbers (NRNs), provided by the participants at baseline, the cohort was linked to the Swedish National Register of Death to obtain information on date of death and the underlying causes of death. Up to the end of follow-up, 3,234 deaths occurred. The main causes of death were cancer (ICD-10 codes C00-C97; n = 1,515) and cardiovascular diseases (CVD-ICD-10 codes I00-I99; n = 1,017).
| Statistical analysis
Baseline characteristics of the study cohort are described according to the six groups of weekday and weekend sleep durations. The distribution of all variables, except age and sex, was directly standardized to the age distribution of the entire study population. We fitted multivariable-adjusted Cox proportional hazards (PHs) models with attained age as time-scale to estimate overall mortality hazard ratios (HRs) and 95% confidence intervals (95% CIs) for both weekend sleep duration and the weekday/weekend sleep duration groups ( Figure 1) ; stratified analyses on age (<65 years, ≥65 years) were conducted. Sixty-five years represents the common retirement age in Sweden; we therefore assumed that weekday sleep duration is no longer restricted by working hours after retirement, and may thus permit extended sleep. The latter should be of importance for interpreting data on sleep duration and mortality. In a previous study the association between long or short sleep duration and mortality decreased with increasing age, and was no longer significant in the ≥65 years group .
To control for potential confounding, we adjusted for sex, BMI Schoenfeld's residuals (Grambsch & Therneau, 1994) were used to assess whether the underlying PHs assumption of the Cox model was met, both for sleep duration and for the confounders. In case of departures from proportionality, interactions between the time-scale and the exposures were investigated (Cologne et al., 2012; Lamarca, Alonso, Gomez, & Munoz, 1998) . Overall, our exposures were not fulfilling the PH assumption, and time-varying HRs of the weekday/ weekend sleep duration exposure were estimated. The temporal trend was modelled based on restricted cubic splines after having selected 4 knots according to Harrell's recommendations (Harrell, 2001; Heinzl & Kaider, 1997) . The corresponding graphs are also reported. Finally, for the predictors who did not fulfill the PH assumption (Charlson's index), stratified Cox models were implemented.
Multivariate Cox models were also fitted to study cancer mortality and CVD mortality. Due to the presence of competing risks, the cause-specific HRs do not carry a one-to-one correspondence to the covariate effects on the cumulative incidence functions that characterize cause-specific mortality. However, we still carried out these analyses because the alternative choice, the regression analysis on the cumulative incidence functions, has its own drawback -difficulty of interpreting the coefficients (Andersen, Geskus, De Witte, & Putter, 2012) . Quantile regression was used to model the 25th, 50th and 75th percentiles of age at death (Bellavia, Akerstedt, Bottai, Wolk, & Orsini, 2014) ; differences in survival percentiles between the weekday/weekend sleep duration groups are reported. The same set of confounders as in the main analysis was used, to which baseline age is added.
| Sensitivity analysis
In sensitivity analyses we excluded subjects who had less than 2 years of follow-up time in order to prevent reverse causation and, simultaneously, we left the follow-up start 2 years later for subjects who contributed for more than 2 years of follow-up. In addition, we further adjusted our model for sleep-and health-related variables: sleep quality, snoring, self-reported sleep medication use, napping, feeling rested at awakening, coffee intake, subjective health and high demands at work. Demands at work (Karasek & Theorell, 1990) were assessed by five questions (working fast, working hard, too much efforts, enough time and conflicting demands) and split at the med- (Table S1 ).
| Weekend sleep and mortality
Among individuals below the age of 65 years at enrolment (Figure 2), short weekend sleep was associated with a significant 52% higher mortality rate (HR 1.52; 95% CI 1.15-2.02) compared with the 7 hr group, while no association was found for long (≥9 hr) weekend sleep. After adjusting for weekday sleep duration, the risk estimate for short sleep decreased, and lost statistical significance (HR 1.40; 95% CI 0.97-2.02). Among individuals ≥65 years, no association was observed. In fully adjusted models, no significant association was detected between weekend sleep duration and cause-specific hazards for cancer or CVD mortality neither in the younger, nor in the older age group (data not shown).
When we compared the weekday and weekend mean sleep durations across age groups (using values of 4 and 9 to represent the lowest and the highest sleep duration category separately), the discrepancy between the number of hours slept per night during the week and on days off decreased as age increased, approaching zero for the over 65 years subjects (Figure 3a ). This is due to a gradual decrease in weekend sleep duration with age, compared with a nearly constant pattern for weekday sleep duration. Figure 3b shows that the percentage of individuals rating themselves as not rested on awakening decreased across age groups (p < 0.001). 
| Weekday/weekend sleep and mortality
The weekday and weekend sleep duration analysis shows that for age <65 years group sleeping 5 hr or less, both during weekdays and weekend (SS), was associated with a 65% higher mortality rate (HR 1.65; 95% CI 1.22-2.23) compared with those consistently sleeping 6 or 7 hr per night (Figure 4) . A higher risk was also observed for individuals with consistently long sleep (LL; HR 1.25; 95% CI 1.05-1.50).
The mortality rate of individuals with short sleep during weekdays, but medium or long sleep over weekends (SML), did not differ from the reference group rate. Among individuals above the age of 65 years, no association between sleep durations and mortality was found. When analysing both age groups together, the PH assumption for sleep durations was not met. The estimated time-varying HRs for the SS and LL groups decreased with increasing age, while no interaction with the time-scale was observed for the other three groups ( Figure S1 ).
When we adjusted our models for sleep quality, snoring, selfreported sleep medication use, napping, feeling rested at awakening, coffee intake, subjective health and high work demand, the results did not change appreciably. Because of missing values on the newly entered covariates, we lost 421 cases compared with the main model (Table S2 ).
| Quantile regression
Quantile regression analysis, in which the time dimension of the association between weekday/weekend sleep duration groups and mortality is investigated, is shown in Table 2 . Age-adjusted models showed that at the 25th percentile of age at death subjects with constant short or constant long sleep died approximately 8 months earlier compared with subjects constantly sleeping 6-7 hr. The percentile difference in survival was À5.6 (95% CI À13.0, 1.7) and À5.3
(95% CI À10.1, À0.6) months at the median age at death, respectively. In the fully adjusted model, we observed a significant difference in survival only among short-short sleepers at the 25th and 50th percentiles of age at death.
| Sensitivity analyses
We observed no major changes when the first 2 years of follow-up were excluded. Among subjects below the age of 65 years, short weekend sleep was associated with a 46% higher mortality rate (HR 
| DISCUSSION
In this large prospective cohort study we found that short, but not long, weekend sleep was associated with an increased mortality risk among subjects below the age of 65 years. Short sleep on both weekdays and weekends, as well as consistently long sleep, were associated with higher mortality risk. Extended weekend sleep after weekday short sleep was not associated with increased mortality.
No significant associations between sleep duration and death were observed in those aged 65 years or above.
The lack of association between long weekend sleep duration and mortality in the present paper does not appear to align with the meta-analyses finding a U-shaped (Cappuccio et al., 2010; Gallicchio & Kalesan, 2009; Silva et al., 2016) or J-shaped (Liu et al., 2017) relationship. One reason for the difference is probably that previous work has focused on weekday sleep only. The two types of sleep may have quite different causes and consequences, and they clearly differ in duration, with the difference strongly dependent on age.
Some of these issues are discussed below.
The link between sleep duration and mortality seems to be easier to understand when considering the analysis of the joint effects of F I G U R E 3 (a) Mean sleep duration (hr) and 95% confidence intervals (CIs) during weekdays and weekend stratified by age groups. (b) Percentage rating themselves as not being rested on awakening stratified by age group. Vertical bars represent the number of subjects in each class of age. (c) Mean weekend sleep duration across levels of weekday sleep duration stratified by age (<65 years, ≥65 years). A linear and a quadratic curve is fitted between the two sleep measures among older and younger subjects, respectively. Due to the high number of subjects and the low number of categories, the CIs are very small and not reported weekday and weekend sleep. Thus, the results imply that short (weekday) sleep is not a risk factor for mortality if it is combined with a medium or long weekend sleep. This suggests that short weekday sleep may be compensated for during the weekend, and that this has implications for mortality. Similar observations have been made for obesity in children (Wing et al., 2009) , and hypertension in adults (Hwangbo et al., 2013 ). An alternative, or complementary, interpretation is that the long weekend sleep after short weekday sleep simply demonstrates a healthy sleep pattern that produces longer sleep when factors restricting sleep duration are removed. The role of extended weekend sleep suggests that some of the inconsistencies in previous results (Cappuccio et al., 2010; Gallicchio & Kalesan, 2009; Kurina et al., 2013; Silva et al., 2016) could be, at least partly, due to a lack of consideration of compensatory sleep.
This interpretation of results on sleep duration in terms of sufficient or insufficient recovery or compensatory sleep is speculative, however. It needs confirmation in studies that link changes in sleep duration between weekend and weekday in a longitudinal approach across many weeks. This would tell us if weekday sleep reduction is linked to weekend sleep extensions and, ideally, the data would be able to extend our conclusion if linked to subsequent mortality. With we cannot be sure that longer weekend sleep is a true compensation, rather than appetitive behaviour when the sleep opportunity is increased during the weekend.
Notwithstanding the observation of compensatory sleep, the results also showed a relatively high correlation between weekday and weekend sleep. Thus, most of the long sleepers during weekdays are long sleepers also during weekends. However, we observed a different trend across ages. The older group had a constant sleeping pattern over weekdays and days off, no matter how many hours they slept during the week, whereas the younger had a quadratic relationship. The mean weekend sleep seemed to be 1 hr or more longer among subjects with short sleep, and almost equal among subjects with long sleep. The reason may be that there is no need for compensatory sleep at sleep durations of 8 hr and above, but this needs empirical support from studies with another design.
The gradual reduction of weekend sleep duration as subjects become older might be the reason behind the reduction in HR with increasing age found in our previous study on the same cohort , and confirmed here. A similar age effect was found for short sleep in relation to hypertension, CVD and obesity in the meta-analysis by Itani et al. (2017) . The mechanism behind the U-shaped relationship between mortality and sleep duration has been discussed in many previous studies with no convincing conclusions. Many studies, including the present one, have adjusted extensively for possible confounders like age, sex, co-morbidities, BMI, smoking, alcohol consumption, education, work schedules, snoring, physical activity, napping, use of hypnotics, sleep quality, feeling rested at awaking, coffee intake and subjective health status. Grandner, Patel, Gehrman, Perlis, and Pack (2010) argued that low-grade inflammation, increased levels of ghrelin, increased lipid levels, or insulin resistance could be involved in this process. Nevertheless, the mechanism still defies understanding.
The strengths of our study include its large size, its prospective design, the length and the completeness of the follow-up, ascertained through linkages to nationwide registers, the high quality of the baseline data guaranteed by a low level of missing values, and the availability of two separate questions investigating sleep habits during weekdays and weekends/days off.
Among the limitations there is the possibility that individuals not working may have misinterpreted the term "day off"; however, the formulation in the first question on sleep duration emphasizes "workday"/"weekday". This should have led to the interpretation of the second question as referring to weekend by those not working.
Another limitation is that sleep duration was self-reported and assessed only at baseline; therefore, it is not possible to detect changes in sleep habits over time among the subjects included in the T A B L E 2 Quantile regression analysis for percentile differences (PD) in months in age at death across levels of weekday/weekend sleep duration groups in the Swedish National March Cohort Estimates were obtained by fitting a Laplace regression on the 25th, 50th and 75th percentiles of age at death adjusted for age at baseline. The model was further adjusted for sex, BMI, smoking status, alcohol consumption, educational level, physical activity, shift work and Charlson index.
study. Thus, for example, the pattern of sleep duration in different age groups presented in the Results section suggests that one should expect a reduction in weekend sleep during the follow-up period.
Changes in sleep duration over time might occur also due to health, work or life cycle changes occurring after the enrollment into the study. The use of repeated measurements through follow-up questionnaires would have helped keeping track of sleep habits changes.
Late rising in older individuals was shown to be related to a higher risk of dementia (Bokenberger et al., 2017) . Bedtimes and times of rising might also affect mortality, and factors like diurnal type may carry health implications (Roenneberg & Merrow, 2016) ; however, none of these factors were available in the present material. In addition, due to the low number of subjects in the categories SML and LS, we could not differentiate the effect between short sleep during the week and medium or long sleep during the weekend, or between the groups with medium-short, long-short and longmedium sleep during weekdays and weekend. Finally, the present analysis was of a relatively traditional type with a priori determined combinations of weekday and weekend sleep patterns. There is a possibility that other approaches, for example, cluster analysis, would have provided other groups of sleep patterns. This may be an interesting approach for future studies.
In conclusion, our findings indicate that mortality is increased when both weekday and weekend sleep are short, or when both are long in subjects below the age of 65 years. However, when weekend sleep is extended after short weekday sleep no association with mortality is seen. We suggest that this may reflect positive effects of compensatory sleep. However, this issue needs to be addressed in longitudinal studies of changes in sleep duration and their link to mortality.
